ABSTRACT. Lycoris radiata is an important medicinal and ornamental plant of China. In the present study, somatic chromosome counts and karyotype analyses, which are important aspects of plant phylogeny and evolution, were performed in 466 individuals from 25 L. radiata populations by root tip squash method. Chromosome counts revealed that 10 populations were diploid (2n = 2x = 22) and 15 were triploid (2n = 3x = 33). Except for one diploid population containing some triploid plants, the remaining 24 populations showed a single cytotype. Karyotype analysis showed that the karyotypes of L. radiata varied in different populations and even within the same population. However, based on the Stebbins' system, the karyotype of all the populations could be classified in 4A classes. The cluster analysis and ordination methods demonstrated that the L. radiata populations grouped in two major clusters. Previous research has shown that the triploid strain of L. radiata is a genetically identical species. However, the cluster analysis revealed that the triploid strains clustered in two groups instead of one, which indicates that these strains may not be identical species, genetically. This study is expected to improve the understanding of the genetic diversity in L. radiata and provide a basis for future studies on species differentiation, speciation, and taxonomy.
MATERIAL AND METHODS

Plant material
Bulbs from 466 accessions representing 25 wild populations of L. radiata were collected for use in the study. As this species is extensively propagated clonally, the collected bulbs were from plants spaced 10-30 m apart, a standard interval considering the population size. Each surveyed population represented approximately 8-20 mature individuals. This sampling strategy covered almost the complete geographical range of L. radiata in China. All the bulbs were maintained in water until their root tips were harvested for the cytological studies. The names of the populations and details of the accessions, along with the geographic coordinates of the place of their collection, are presented in Table1.Voucher specimens were deposited in the herbarium of the Nanjing Forestry University, Nanjing, China. 
Chromosome preparation
For cytogenetic analysis, the somatic chromosomes in the meristematic cells of the roots tips were used. Firstly, approximately 1-2 cm long root tips were collected and treated with 0.002 M 8-hydroxyquinoline for 6 h at 4°C. The tips were then fixed in 3:1 absolute ethanol:glacial acetic acid at 4°C for a minimum of 24 h. After washing with tap water, the root tips were macerated in 1 M hydrochloric acid at 60°C for 6 min, and then stained with phenol-fuchsin for 12 h. Finally, the well stained root tips were toned and tapped in 45% acetic acid and pressed using a microscope slide (Zhou et al., 2007; Liu et al., 2011) . Photomicrographs of chromosomes in the mitotic metaphase were taken with a photomicroscope (Nikon Eclipse 50i, Japan), equipped with a photographic camera (Cool SNAP cf, Photometrics, USA); the images were stored in a computer and processed with Adobe Photoshop, using only those functions that could be evenly applied to the entire image.
Statistical analyses
The chromosome counts were determined using at least 20 well-spread metaphase cells for each population. Chromosome measurements were carried out in at least 5 well-spread metaphases for each population. The following parameters were calculated: the absolute (mm) and relative (%) length of each chromosome pair; the absolute size of the haploid complement (mm), the arm ratio (long arm/short arm) of each chromosome pair, centromeric index, and coefficient of variation in the chromosome size. The karyotype asymmetry index (AsK%) was calculated using the formula described by Arano and Saito (1980) . The karyotype formulae (KF) were determined from the chromosome morphology based on the centromere position in accordance with the classification of Levan et al. (1964) and the karyotype classification was done as described by Stebbins (1971) . To group the studied populations by similarity in their karyotypic features, we used the unweighted pair group method with arithmetic mean (UPGMA) clustering, together with ordination based on the principal coordinate analysis (PCoA).
RESULTS
A total of 466 individuals from 25 populations of L. radiata were examined. Chromosome counts revealed that 10 populations were diploid (2n = 2x = 22) and 15 were triploid (2n = 3x = 33). Except for one diploid population (L14) containing some triploid plants, the remaining 24 populations showed a single cytotype. The tetraploid individuals were not present in any the cytotypes observed. The pictures of the mitotic metaphases and karyograms of the populations are presented in Figure 1 . The somatic chromosome numbers (2n), ploidy levels, haploid chromosome length (HCL), AsK%, symmetry classes of Stebbins, and KF are summarized in Table 2 . Among all the populations of L. radiata, HCL was highest (158.02 mm) in the Yanxin population (L17), which was diploid with 2n = 22, whereas it was lowest (112.73 mm) in the Xinning population (L18), which was triploid with 2n = 33. Most of the triploid populations had relatively higher HCL in comparison to the triploid populations. Among the populations studied, L4 possessed the highest CV (17.70) indicating the highest variation among its chromosomes compared to the other L. radiata populations, whereas L10 possessed the lowest value (9.25). These populations also varied in their KF ( Table 2 ). The chromosomes were mostly telocentric and subterminal, except in two populations (L19 and L20) that possessed only telocentric chromosomes. Compared to the other populations, L1 had one pair of satellite chromosomes. However, some populations possessed the same KF. For example, the KF of L1, L2, and L3 populations were 4st+18t; those of L5, L6, L8, L11, and L24 were 9st+24t, of L13, L15, L18, and L21 were 6st+27t; of L9, L22 were 15st+18t; L19, and of L20 were 33t. However, different cytotypes were found in the same population, such as L7, L12, L14, and L17. The AsK % varied from 86.60 (in the diploid population, L10) to 90.01 (in the triploid population, L19).
Analysis of the chromosome constitution in the 25 L. radiata populations revealed that the arm ratios of the 25 pairs of chromosomes, both in the diploid and triploids, exceeded 2.0, indicating a very high intrachromosomal asymmetry. However, the ratio of longest to the shortest chromosome was <2. Both the above-mentioned characteristics classified the karyotype of all the diploid and triploid populations as 4A (Stebbins, 1971 ; Table 2 ).
The UPGMA clustering of the species based on the karyotype data produced two major clusters (Figure 2 ). The first major cluster I comprised of two sub-clusters: one composed of eight triploid populations (L12, L19, L25, L20, L21, L15, L18, and L13) together with three diploid populations (L1, L2, and L3) and the other composed only of the diploid population L4. The second cluster II also comprised of two sub-clusters: one composed of two diploid populations (L7 and L10) and the other composed of eight triploid populations (L9, L22, L24, L5, L23, L6, L8, and L11) together with three diploid populations (L14, L16, L17), all in close proximity to each other.
The PCoA analysis, performed to visualize the displacement of the populations, revealed that the first three principle coordinates based on Eigen values accounted for 99.96% of the total variations among all the populations studied. The first (PCoA 1), second (PCoA2), and third (PCoA3) principal components accounted for 98.36, 0.96, and 0.64% of the total variance. The bi-plot, created on the basis of the first two PCoAs (99.32% of the total variability), supported the clustering pattern of the UPGMA dendrogram, which also divided the studied populations into two main clusters: Groups I and II (Figure 3) . The PCoA provided a better graphical illustration and a clear separation of the L. radiata populations. 
DISCUSSION
Several cytological studies conducted on L. radiata, worldwide, have revealed that L. radiata is a complex species that can be diploid (2n = 2x = 22) or triploid (2n = 3x = 33; Takemura, 1962; Chen and Li, 1985; Kurita, 1989; Sun et al., 1998) . The basic chromosome number, x, of L. radiata is 11. This completely sterile species is very common and wide spread in China. However, according to our field observations, the fertile species is isolated, in the East China region. Zhou et al. (2007) reported a tetraploid cytotype of L. radiata for the first time; they observed that in these strains, the tepals did not recurve and the margins did not undulate, characteristics very distinct from those of the diploids and triploids. However, the discovery of the new tetraploid cytotype raised some questions. In our extensive field investigations, we did not find the species with the tetraploid cytotype, probably because of the small range of distribution of the tetraploids.
The usual karyotype of L. radiata consists only of rod-shaped chromosomes with subterminal and terminal constriction (with only one arm). However, several studies have shown some abnormal karyotypes of L. radiata, such as 2n = 33 = 1m + 31t + 1B, 2n = 32 = 1m + 31t (Bose, 1963; Kurita, 1988) ; 2n = 22 = 4st + 18t (Chen and Li, 1985; Sun et al.,1998) ; 2n = 23 = 6st + 14t + 2T + 1B, 2n = 22 = 1m + 12st + 8t + 1B (Shao et al., 1994) ; 2n = 24 = 6m + 8sm + 6st + 4t ; 2n = 21 = 1m + 6st + 4t + 9T + 1B, 2n = 21 = 1M + 10st + 9T + 1B ; 2n = 21 = 1m + 20st, 2n = 25 = 1m + 20st + 2t + 2T (Zhou et al., 2007) . In addition, Qin et al. (2004) observed long oval chromosomes. The karyotypes observed in our studies were different from those reported previously. The present data document the most extensive karyotypes known to date for L. radiata, with 11 karyotypes (Table 2 ) and different cytotypes observed in the same population. On the basis of previously reported results and those present in this study, it can, therefore, be concluded that the chromosome numbers and karyotypes of L. radiata vary in different populations. Mookerjea (1955) observed that the karyotypes of L. radiata were very variable, and also consisted of satellite chromosomes; because the author could not explain the great variability in the karyotypes of L. radiata, the opinions expressed could not gain sufficient attention at that time. Based on the results from our studies on the 25 L. radiata populations, we concur with the observations of Mookerjea (1955) that the karyotypes in L. radiata show great variability among different populations and even within the same population. In addition, we observed the satellite chromosomes in the L1 population, confirming the results of Mookerjea (1955) .
Polyploidy, defined as the possession of at least three complete set of chromosomes, is a widespread phenomenon in the flowering plants. It occurs in 30-35% of the angiosperms, according to Stebbins (1971) , whereas Coghlan et al. (2005) estimated that 50-70% of all the species could be polyploid. Polyploidy has significant effects on the biochemistry, ecophysiology, and morphology of plants (Balao et al., 2009) . Of the 25 populations surveyed, 15 were triploids. Clearly, polyploidy is prevalent in L. radiata. However, in the present study, except for one diploid population containing some triploid plants, the remaining populations had a single cytotype. This indicates an effect of minority cytotype exclusion and/or a widespread lack of gene-flow between the ploidy levels in nature. Balao et al. (2009) used sample chromosome counts and flow cytometry to determine the overall genome size and the ploidy levels in 244 individuals belonging to 25 populations of Dianthus broteri. Extensive variation in chromosomes numbers (four levels of ploidy) was detected with each population reported to have a single ploidy level. Hardy et al. (2001) and Husband and Sabara (2004) also reported that Centaurea jacea and Chamerion angustifolium plants, which possessed different ploidy levels, were effectively isolated, reproductively. Levin (1975) reported that cytological races within a polyploid species could be spatially/ecologically segregated, which was explained on the basis of minority cytotype exclusion or the varying ecological tolerances (Mandáková and Münzbergová, 2006) .
The possible origin of the triploid strains of L. radiata remains debatable and has attracted the attention of many researchers. Allozyme analysis by Chung (1999) in eight Korean populations of the sterile triploid revealed that all the 24 allozyme loci surveyed were monomorphic in all the populations. He suggested that only a few bulbs of L. radiata were introduced from China, and secondarily, from Japan and Korea, and they were naturalized in the South Korean peninsula via a strong vegetative reproduction by the rapid formation of new bulbs. These results suggested that there were few genetic variations among the triploid strains in Japan and Korea and that they might have evolved from a common ancestor introduced from China. In addition, Hayashi et al. (2005) also reported that an unidentified triploid could be the mother clone of all the triploid strains in Japan. Inter-simple sequence repeat markers analysis by Lv (2006) conducted in a few species of Lycoris indicated that no special bands were amplified in the different triploid populations. They suggested that the triploid Lycoris species was highly identical, genetically. Our results demonstrate that the triploid strains, which were distinctly divided into two parts (Triploid 1 and Triploid 2; Figure 2 ), indicate that the strains of L. radiata showed a genetic differentiation and may not be a highly identical species, genetically. The two groups of triploid strains might have originated from different diploid strains of L. radiata. Whether the triploids were derived from different diploids or not, is a question that needs further investigation using allozyme, molecular, and in situ hybridization methods.
